Residual stresses are investigated in brush plated hard coatings deposited from nickel sulfate electrolyte. To determine residual stresses, a conventional deformation method was used, where a coating is manually deposited on a brass strip substrate in the conditions of restraint bending. The change in the axial strain of the free surface is measured by strain gauges after releasing the substrate from the fixture. The dependence of deformation on coating thickness is used as experimental information. The sensitivity of the method is studied and the expanded uncertainties of the computed mean values of residual stresses are presented. Residual stresses are also determined by the X-ray diffraction technique, based on the sin 2 ψ method. Residual stresses in the surface layer of coatings represent tensile stresses and their maximum value is (755±106) N/mm 2 and (760±250) N/mm 2 , obtained by the deformation method and by the Xray diffraction technique, respectively; the other values at different coatings thicknesses are comparable within the maximum limit of measurement uncertainty.
INTRODUCTION
Galvanic coatings are applied mainly for decorative and corrosion protective purposes as well as for salvage of mismachined, damaged or worn parts. Presence of residual stresses is typical for all coatings.
Sometimes there arises the need to deposit a galvanic coating with a reasonable thickness in limited or selected surface areas of large-sized parts such as shafts, and bearing seats of large rotating equipment. For this purpose, the brush-plating (electrochemical metalizing, selective plating, contact plating, swab plating) method has been employed. In such cases a brush-plated coating is obtained using the moving anode and cathode [1] .
To determine residual stresses, a conventional discrete deformation method was used, where a coating is deposited on a strip substrate with slipping ends, which deforms without bending during deposition. After obtaining a coating with a required thickness, the substrate was released from the fixture and the change of the axial strain of the free surface was measured by a strain gauge. The dependence of the strain on coating thickness was used as experimental information. As the derivative of the deformation parameter (the values fluctuate to a great extent) in the calculation equations was presented in accordance with coating thickness, the experimental results were previously approximated by an analytical expression assuming that the dependence of residual stress on coating thickness is linear-fractional [2] . The sensitivity
Fixing frame Coating
Base Substrate of the method was also studied and the expanded uncertainties of the computed mean values of the residual stresses are presented.
To obtain results for comparison, residual stresses are also determined by XRD, based on the sin 2 ψ method [3] . Using the method of XRD residual stresses can be measured on the superficial layer of the coating. For the purpose of comparing the results, all presented values of residual stresses obtained by the deformation method are calculated for the surface layer.
EVALUATION OF RESIDUAL STRESS
The strip substrate is placed onto the fixture, which makes momentless deformation of the coated substrate possible (see Fig. 1 and Fig. 4 ). During the deposition of the coating there arise residual stresses. Residual stresses in one and the same layer are expressed, according to the general algorithm of the layer growing/removing method, as the sum of the initial and additional stresses [4] . Stresses in the superficial layer are named initial stresses. Additional stresses are understood as the stresses which arise in this layer when subsequent layers are applied. The coated substrate (part) is usually so rigid that residual stresses are practically equal to initial stresses. Hence initial stresses are named residual stresses and they are found from the relation [5] ( )
where ε is measured axial deformation on the free surface of the substrate after releasing the substrate from the fixture, h 1 is substrate thickness, h 2 is final coating thickness, h is variable thickness of the coating, 
is the ratio of the elastic parameters of the coating to those of the substrate, ( )
, E 1 , E 2 are the moduli of elasticity, µ 1 , µ 2 are Poisson's ratios of the substrate and the coating, respectively.
Residual stresses were calculated assuming that the dependence of residual stresses on coating thickness is linear-fractional
where 0 σ is the initial value of residual stress, c is the dimensionless parameter.
Taking into account relation (2), the following equation is obtained from expression (1) for approximation of the measured deformation ( )
If the substrate is free and if c = 1 then ( ) 0
(residual stresses are uniformly distributed throughout coating thickness), and residual stresses in the surface layer of the coating with the thickness h are calculated from the relation [5] ( ) ( )
When the bending of the substrate is restrained, residual stresses in the surface layers of the coating occur due to the axial force N and are expressed as
The purpose was to find the unknown constants, i.e. the initial value of the initial stress 0 σ and the dimensionless parameter c, so that the measured deformation ε(h) can be approximated in the best way. This problem was solved using the mathematical program Mathcad2001i Professional regression function genfit (vx, vy, F) [6] .
Residual stresses were also measured by the XRD technique at the Moscow Institute for Roentgen Optics. The experiments were carried out with the portative diffractometer DRP-3 ( Fig. 2) , based on the sin 2 ψ method [7] . During stress measurement, the specimen is irradiated with high energy X-rays penetrating the surface and diffracting according to Bragg's law:
where n is the order of interference, λ is the wavelength of the X-ray, d is interplanar spacing and θ is the angle of the incidence of the X-ray beam.
The deformation of the crystal lattice ε = (d -d 0 )/d 0 (d 0 is the spacing of the unstressed lattice) causes a displacement of the centre of gravity of the diffraction peak, which can be expressed by the following equation
where θ с0 is the coordinate of the centre of gravity of the diffraction peak of unstressed material; Δθ = θ с -θ с0 ; θ с is the coordinate of the centre of gravity of the diffraction peak of stressed material.
In the case of the biaxial stress state of the superficial layer of the investigated part (σ 3 = 0), the sum of the principal stresses (σ 1 +σ 2 ) is determined by Hooke's law as follows:
where Е and μ are the Young's modulus and the Poisson's ratio of the investigated material, respectively; ε is deformation in the direction normal to the surface. According to generalized
Hooke's law, for the case of the biaxial stress state, equivalent stress σ eq = -μ (σ 1 + σ 2 ).
(9) For determination of the stresses σ ϕ in the desired direction x, the sin 2 ψ method is used.
According to this method, measurements are made at (3-6) tilts of ψ (angle between the normal of the sample and the normal of the diffracting plane). Further, the coordinate of the centre of gravity of the diffraction peak θ сi is determined for every ψ tilt. Using the least-squares method, the linear dependence of ε on sin In the tests, four values were used for the ψ-tilts: 0°, 10°, 30°, 40°.
ANALYSIS OF UNCERTAINTIES OF MEASURED PARAMETER VALUES
In order to evaluate uncertainties of measurement, linear regression analysis was applied. Experimental data were approximated with the formula
where ε i is axial deformation, h i is coating thickness, i = 1…J.
The fundamentals of evaluating uncertainties using linear regression are described in [8] .
Estimation of the parameters a 0 and a 1 of Eq. 12 on the basis of the measured values is reduced to the solution of a system of normal equations.
The dispersions and covariations of the values of the parameters a 0 and a 1 can be calculated according to the formulas presented in [8] .
The combined dispersion of the approximation line is described by the equation of the second range 
As all equations were composed using the mean results of the experiments, the uncertainty of measurement for a single experiment was not taken into account. 
where b 2 is the width of the coating, l 2 is the length of the coating, d is the specimen's weight and g is the density of the coating material. The relative combined uncertainty of measurement, taking into account the uncertainty of measurement within a single experiment series, yields
where
Expanded uncertainty in the case of 95 % confidence is ) (
EXPERIMENTAL PROCEDURE
The strips (section dimensions 22×0.955 mm, total length 70 mm, coated length 51 mm) used as the substrate were cut from a rolled brass ribbon (E 1 = 99.1 GPa, µ 1 = 0.34 (62-65)%Cu [9] ). After cleaning and polishing both surfaces, the thickness of the substrate was measured with an accuracy of 0.01 mm and a temperature compensated strain gauge (KF5P1-15-100-B-12, basic length 20 mm, resistance 100 Ω, gauge factor 2.2 at (20±1)ºC, Co VEDA, Kiev, Ukraine) was glued onto the back surface of the strip as shown in Fig. 3 and was covered with a moisture proof material. The substrate was weighed on the Sartorius Balance BA61 (readability 0.0001 g) and placed into the fixture (Fig. 4) . Attached to the stylus handle, an anode, made of special grade heat-resistant graphite to ensure the ratio 1:4 of the anode surface to the surface to be coated, was used. Cotton batting with a thickness of (15-20) mm, fed from a squeeze bottle, was employed.
The substrate was electrocleaned by forward polarity with a voltage of 10 V for about 0.5 minutes (cleaning solution Code SCM 4100, sodium hydroxide (3-4) %) and rinsed. A nickel coating (E 2 = 163 GPa, µ 2 = 0.324, [9] ) was deposited from the electrolyte elaborated by M. 3 , pH = 1.57-1.63 (determined at 20ºC). The stylus was swabbed over the area where the coating was to be deposited, using a current density of (60-64) A/dm 2 Fig. 4 . The strain gauge was half-resistance bridged with a dummy gauge on a similar nickel coated strip substrate. Readings were registered with a strain indicator supplied with a processor on the released strip substrate before and after depositing the coating with the required thickness, and the difference between the recordings was used in calculations. The data were entered in a microcomputer as experimental information for calculation of residual stresses.
Then the substrate with the coating was removed from the equipment, and was cleaned, dried and weighed. The final thickness of the substrate with the coating and the length of the deposited coating were measured. The measured coating thickness was corrected, using a weight, by calculating average coating thickness from the difference in the specimen's weight before and after deposition. The experimental data were converted to the axial strain of the free surface of the substrate ε(h) depending on the coating thickness h (Fig. 5) .
The results of approximation are 0 __ σ = 755 N/mm 2 , c = 1.03, the calculated function ε(h) is shown in Figure 5 . The obtained parameter c ≈ 1, which allows to use the formulae (4) and (5).
As is evident, the measured values fluctuate to a great extent but remain in the zone with a sufficient uniform width, one reason of which may be temperature fluctuation during depositing process. In order to evaluate measurement uncertainties, linear regression analysis was applied for approximation of the dispersed experimental data. Measured values were reduced to solution of a system of normal equations. The solution yielded: a 0 = 0, a 1 Note that residual stresses are determined according to the measurement of strain at room temperature but not deposition temperature and, consequently, include the component of thermal stresses.
CONCLUSIONS
According to our experiments, residual stresses are distributed uniformly throughout coating thickness. Measurement uncertainties for the method were evaluated and expanded uncertainty was about 14 %.
The maximum value of residual stresses in the surface layer determined by the deformation method and by the X-ray technique was (696±97) N/mm 2 and (760±250) N/mm 2 , respectively, and the other values at different coating thicknesses were comparable within a maximum limit error of ± 295 N/mm 2 .
Compared with coating in a bath, considerably higher current density, up to 64 A/dm 2 , was applied, in which case residual stresses are usually up to three times larger than those occurring in coatings deposited from a similar bath solution [10] .
